Vaginitis is very common among women, especially women of childbearing age, and is associated with significantly increased risk of preterm birth and pelvic inflammatory diseases. An imbalance in the vaginal flora, the primary cause of vaginitis, promotes the initiation and progression of vaginal infections. However, the responsible mechanisms are still poorly understood. Using a murine vaginitis model of Escherichia coli infection, we demonstrated that decreased expression of microRNA1976 and increased expression of CD105 and integrin αvβ6 were closely associated with the progression of vaginal infection. Importantly, we demonstrated for the first time that the microRNA1976/CD105/ integrin αvβ6 axis regulates E. coli-mediated vaginal infection in mice, as evidenced by the finding that E. coli-induced vaginal infection was reversed by microRNA1976 overexpression and exacerbated by CD105 overexpression. The regulation of CD105 and integrin αvβ6 by microRNA1976 was further confirmed in a murine model of vaginitis with adenoviral vector treatment. Taken together, our data suggested that microRNA1976 negatively regulates E. coli-induced vaginal infection in mice at least in part by suppressing CD105 and integrin αvβ6 expression. These findings may provide new insight into the mechanisms of E. coli-induced vaginitis, identify a novel diagnostic biomarker and a potential therapeutic target for flora imbalance-associated vaginitis.
in some mucosal diseases, such as those in the oral, intestinal, oesophageal and nasal mucosae [12] [13] [14] [15] [16] [17] . However, the role of miRNAs in vaginal infections induced by an imbalance in the flora and the maintenance of mucosal homeostasis remains unclear. Therefore, our current study was designed to explore the role of miRNAs in vaginitis caused by Escherichia coli (E. coli) infection.
MiR1976 (MIMAT0009451), 20 nucleotides in length, is located at chromosome 1p36.11 18 . Publications have shown that miR1976 can function as a tumour suppressor and serve as a prognostic indicator for non-small cell lung cancer 18, 19 . MiR1976 was suggested to be a competent predictor of the overall survival of patients with uterine corpus endometrial carcinoma, and has also been reported to be linked to certain bovine infectious diseases 20, 21 . However, the effect of miR1976 on inflammation regulation and vaginal infection remains undetermined. Our previous study found that the expression of miR-1976 was significantly lower in mucosal tissues of women with vaginitis than in those of healthy women. Therefore, the present study aimed to investigate the functional roles of miR1976 in vaginitis caused by E. coli infection and to further explore the underlying mechanisms.
Bioinformatics analysis showed that the transforming growth factor receptor CD105 (endoglin) is a target gene of miR1976. CD105, a member of the transforming growth factor β (TGF-β) receptor family, is closely related to vaginal infection 22 . The TGF-β pathway is involved in regulating the signalling network of infections and inflammatory responses, including in vaginal candidiasis, chronic colitis and spinal neuroinflammation [23] [24] [25] . Several miRNAs, such as miR-499, miR-148b, miR-24 and miR-122, can bind with some elements of the TGF-β signalling pathway, including TGF-β receptor 1, Smad 2 and Smad 4 [26] [27] [28] . Moreover, evidence has shown that CD105 plays an important role in angiogenesis, vascular disease, inflammation, infection, etc. [29] [30] [31] . For example, Unger et al. 32 found that CD105 was associated with adverse pregnancy outcomes caused by malaria infection. Xiaobo et al. 33 revealed the importance of miR-149-5p in the pathogenesis of preeclampsia by regulating CD105. In addition, some miRNAs, such as miR-1287 and miR-342-5p, have been reported to regulate CD105 and play an important role in angiogenesis, cell proliferation and osteogenic potential 34, 35 . However, the function of CD105 in vaginal infections caused by E. coli remains unclear.
Colonization of mucosal surfaces is a critical initial step in most mucosal bacterial infections. Integrins are reported to promote effective mucosal colonization and represent potential targets for the prevention or treatment of bacterial infections 22 . By interacting with integrins, bacteria or viruses promote the adhesion of host cells to the basement membrane, which in turn causes or exacerbates mucosal infections 36, 37 . One mechanism for protecting mucosal membranes from bacterial infection is the rapid renewal and exfoliation of mucosal epithelial cells. Kim et al. 37 found that bacterial colonization and adhesion were inhibited when integrin-linked kinase was defective. Another study found that the ability of group B Streptococcus to invade epithelial cells is related to integrin αv 38 . Vaginal infection promoted the CD105 expression and integrin activity, while transduction with wild-type CD105 increased integrin β1 activity in human vaginal epithelial cells 22 . Rossi et al. 39 found that the interaction between CD105 and integrin α5β1 plays a regulatory role in inflammation. Here, we aimed to verify whether miR1976, a potential treatment target for vaginitis, plays an important role in E. coli-induced vaginitis by regulating the CD105/integrin axis.
The objective was to investigate the role of the miR1976/CD105/integrin αvβ6 axis in vaginal infection caused by E. coli. We found that the expression of miR1976 was obviously decreased in vaginal tissues infected with E. coli. In contrast, E. coli infection significantly increased the levels of CD105 and integrin αvβ6. Adenoviral overexpression experiments indicated that overexpression of miR1976 inhibits the expression of CD105 and integrin αvβ6 and reverses E. coli-induced vaginal infection in mice. Collectively, these results suggest that miR1976 negatively regulates E. coli-induced vaginal infection in mice at least in part by inhibiting CD105 and integrin αvβ6. 
Results

Vaginal infusion of E. coli induced vaginal infection in mice.
To establish the murine model of E. coli vaginal infection, the vaginas of female NIH mice were infected with 1 × 10 10 CFUs of E. coli for 4, 7, 14 and 21 days. Neither the behaviour of infected mice nor the amount or volume of faeces and urine was changed after induction of vaginitis. Although the body weight did not differ between the control group and the experimental group, mice in the experimental group had relatively sparse, scruffy and dull coats ( Supplementary Fig. S1 ). However, characteristics of human vaginitis, such as vaginal redness and swelling, were found in E. coli-infected mice ( Supplementary Fig. S1b ). Analysis of the direct vaginal lavage fluid obtained from the mice via Gram staining of colonies revealed Gram-negative cocci (E. coli) ( Supplementary Fig. S2 ). At 4, 7, and 14 days after E. coli infection, the total number of vaginal microbes in the vaginal washes gradually increased and decreased by 21 days (Fig. 1a ). In addition, histological analysis showed that E. coli infection caused epithelial damage, increased stratification of the epithelium, abundant sloughing of the epithelial mucosa, and an increased number of pus cells and parabasal epitheliocytes, especially 14 days after infection ( Fig. 1b) . Moreover, we observed neutrophils in the lamina propria and submucosa 14 days after E. coli infection. These results demonstrated that vaginal infusion of E. coli induces vaginal infection in mice. The collective symptoms of vaginitis were most obvious 14 days after E. coli infection. Therefore, based on the above results, we established the observation time point in subsequent experiments as 14 days after E. coli infection.
E. coli infection regulated the expression of miR1976, CD105 and integrin αvβ6 in mouse vaginal tissues.
In the present study, we investigated whether E. coli infection induced abnormal expression of miR1976 in mouse vaginal tissues. E. coli infection downregulated the expression level of miR1976 in mouse vaginal tissues ( Fig. 2a ). The transforming growth factor receptor CD105 is closely related to vaginal infections. Vaginal infection is reported to promote CD105 expression and integrin activity. To determine whether E. coli-induced vaginal infection in mice is associated with CD105 and integrin αvβ6 activation, the expression www.nature.com/scientificreports www.nature.com/scientificreports/
Overexpression of miR1976 reversed E. coli-induced vaginal infection in mice via the CD105/
integrin αvβ6 axis. As the above results revealed that E. coli-induced vaginal infection in mice was associated with miR1976 suppression, we further determined the role of miR1976 in E. coli-induced vaginal infection in mice. Adenoviral vectors overexpressing miR1976 were delivered into mice by multiple injections into the vaginal muscle layer, and the mice were infected with E. coli. Fluorescence imaging of green fluorescent protein (GFP) showed the successful transfection of mouse vaginal tissues with the miR1976 adenoviral vector ( Supplementary  Fig. S3 ). In addition, miR1976 expression, which was decreased in mouse vaginal tissues by E. coli infection, was restored by the delivery of the miR1976 adenoviral vector. The level of miR1976 in the E. coli + ADV-miR1976 (+) group was 191% that in the E. coli + ADV-miR1976 (−) group on day 14 ( Fig. 3a ). After administration of the miR1976 adenoviral vector, vaginal redness was decreased ( Supplementary Fig. S4 ), and the total number of vaginal microbes in the vaginal washes was significantly reduced (Fig. 3b ). In addition, H&E staining showed that overexpression of miR1976 attenuated vaginal infection caused by E. coli infection in mice (Fig. 3c ). These results indicated that miR1976 may play an important role in E. coli-induced vaginal infection in mice.
Our bioinformatics analysis and previous work identified CD105 as the target of miR1976. Consistent with the previous studies, ectopic expression of miR1976 decreased the E. coli-induced increases in the mRNA levels of CD105 and integrin αvβ6 (Fig. 4a,b ). Western blot analysis showed that miR1976 overexpression ameliorated the E. coli-induced alteration in CD105 protein expression ( Fig. 4c ). Moreover, immunohistochemical staining showed that miR1976 overexpression decreased CD105 expression in mouse vaginas (Fig. 4d ). These results suggested that miR1976 may play a negative regulatory role in E. coli-induced vaginal infection by affecting the expression of CD105 and integrin αvβ6.
The CD105/integrin αvβ6 axis plays a key role in E. coli-induced vaginal infection. To further
determine whether miR1976 directly regulates vaginal infection via CD105, mice received an adenoviral vector overexpressing CD105 by injections into the vaginal muscle layer and were simultaneously infected with E. coli. GFP fluorescence imaging indicated the successful transfection of mouse vaginal tissues with the CD105 adenoviral vector ( Supplementary Fig. S5 ). As expected, administration of the CD105 adenoviral vector significantly elevated both the mRNA and protein (Fig. 5a,b ) expression levels of CD105 in mouse vaginal tissues. In addition, immunohistochemical staining showed that CD105 overexpression increased CD105 expression in mouse vaginas (Fig. 5c ). Moreover, administration of the CD105 adenoviral vector enhanced the mRNA expression of integrin αvβ6 in mouse vaginal tissues, as determined by qRT-PCR analyses (Fig. 5d ). Overexpression of CD105 exacerbated vaginal infection in mice, as indicated by the noticeably increased oedema in mouse vaginas ( Supplementary Fig. S6 ) and the significantly increased number of vaginal microbes (Fig. 5e ). Furthermore, H&E staining showed that overexpression of CD105 exacerbated E. coli-induced vaginal infection in mice (Fig. 5f ). The level of miR1976 in the E. coli + CD105 (−) group was 272% that in the E. coli + CD105 (+) group on day 14 ( Supplementary Fig. S7 ). (Fig. 6a-c) . The level of αvβ6 in the E. coli + ADV-miR1976 (+) and CD105 (+) group was 160% that in the E. coli + ADV-miR1976 (−) and CD105 (−) group on day 14 (Fig. 6b ).The number of vaginal microbes in the CD105 and miR1976 combination group was significantly reduced compared with that in CD105 virus group (Fig. 6d ). The H&E staining results showed greater alleviation of E. coli-induced vaginal infection in the CD105 and miR1976 combination group than in the CD105 adenoviral vector group (Fig. 6e) .
Collectively, the above results suggested that the inhibitory effect of miR1976 on E. coli-induced vaginal infection may arise from direct regulation of the CD105 and integrin αvβ6 signalling pathways. Our study thus demonstrated that the miR1976/CD105/integrin αvβ6 axis plays an important role in E. coli-induced vaginal infection.
Discussion
In this study, we reported decreased expression of miR1976 in vaginal tissues of mice infected with E. coli. MiR1976 downregulation was closely associated with flora imbalance-induced vaginal infection. We demonstrated that miR1976 overexpression reversed aspects of E. coli-induced vaginal infection, including vaginal redness, the number of vaginal microbes and pathological progression. MiR1976 exerted its anti-infective effect in vaginal infections in mice by inhibiting the expression of its target gene CD105 and its downstream integrin αvβ6. The identification of the miR1976/CD105/integrin αvβ6 signalling axis thus adds new evidence for the important roles of miRNAs in vaginal infection and provides new targets for the diagnosis, prognosis and therapy of vaginal infections.
The microbiome, an intricate ecosystem containing different microbial communities, varies substantially among tissues (e.g. vaginal, urethral, oral, nasal, gastrointestinal) and organs 41, 42 . In recent years, our knowledge of the vaginal microbiome has improved considerably 41, 43 . Lactic acid bacteria are the main bacteria in healthy vaginal flora, and under normal conditions, a balance is maintained among various bacteria. Any imbalance in the bacterial flora may result in vaginal infections, such as bacterial vaginitis, aerobic vaginitis, atrophic vaginitis, Candida vaginitis and Trichomonas vaginitis 41, 44 . E. coli causes urinary tract infections and adverse pregnancy outcomes and is a commensal organism in the human gut 45 . Reports indicate that 24-31% of pregnant women and 9-28% of nonpregnant women are colonized by E. coli 46 . E. coli is the most common gram-negative pathogen, with an infection rate of 23% among symptomatic women with aerobic vaginitis 7 . The clinical risk factors for and underlying mechanisms of E. coli infection in the female vaginal tract are incompletely understood. Thus, this study explored the mechanism of E. coli in vaginal infection. We established the mouse model of vaginal infection described in a previous study 47 . Consistent with previous reports, the present study showed that exposure to E. coli induced vaginal infection in mice, as evidenced by apparent vaginal changes, including vaginal redness and swelling, abnormal secretion, and an increased number of vaginal microbes. Additional evidence was provided by the abnormal alterations seen in histopathological analysis, including an increase in the stratification of the www.nature.com/scientificreports www.nature.com/scientificreports/ Studies have found that vaginal infections contribute to the progression of cervical dysplasia and increased risk of preterm birth, postpartum infections, pelvic inflammatory diseases, and viral infections 2,3,5,6 . Although vaginal infections have been studied for many years, the underlying mechanisms remain poorly understood. However, miRNAs are reported to play an important role in maintaining mucosal barrier integrity and counterbalancing mucosal infection and the inflammatory response [9] [10] [11] . Studies have shown that miRNAs are closely related to vaginal diseases and abnormal vaginal secretion [48] [49] [50] . In the present study, we found the first evidence that E. coli-induced vaginal infection is associated with suppression of miR1976 in vivo. We further showed that overexpression of miR1976 reversed E. coli-induced vaginal infection in mice, as evidenced by apparent changes in vaginal symptoms, including redness and oedema, abnormal secretion, and an increased number of vaginal microbes, as well as abnormal alterations seen in histopathological analysis. Few studies have addressed miR1976 and have generally focused on its use as a prognostic indicator for tumours or as a predictor for the overall survival of cancer patients 18, 21 . Research on the role of miRNAs in vaginitis or vaginal infections is rare. Indeed, the results of this study provide the first indication that miR1976 negatively regulates E. coli-induced vaginal infection www.nature.com/scientificreports www.nature.com/scientificreports/ in vivo. These data may provide a scientific basis for the involvement of miRNAs in regulating vaginal infection and offer a new approach for the treatment of vaginal infections.
Evidence has suggested that miRNAs exert their biological functions by regulating the expression of target genes [51] [52] [53] . The TGF-β signalling pathway plays a critical role in the signalling network of infections and inflammatory responses. Several miRNAs that target elements of the TGF-β signalling pathway have been identified 26, 27 . The transforming growth factor receptor CD105 is a member of the TGF-β receptor family and is closely related to angiogenesis, vascular disease, inflammation, and infections 22, [29] [30] [31] . Moreover, evidence indicates that miRNAs such as miR-1287, miR-149-5p, and miR-342-5p play important roles in angiogenesis, preeclampsia, cell proliferation and osteogenic potential by regulating CD105 34, 35 . However, the function of CD105 in E. coli-induced vaginal infections remains unclear. We identified CD105 as the target of miR1976 using bioinformatics analysis and a dual luciferase reporter assay (unpublished data). In this study, we found that E. coli-induced vaginal infection was associated with CD105 activation in a mouse model. Moreover, we showed that overexpression of miR1976 resulted in decreased expression of CD105 in the mouse model of vaginal infection. To further determine the regulatory role of the miR1976/CD105 axis in E. coli-induced vaginal infection in mice, mice were inoculated with an adenoviral vector overexpressing CD105 and infected with E. coli. CD105 overexpression exacerbated vaginal infection in mice, as indicated by the noticeably increased vaginal redness in the mice and the significantly increased number of vaginal microbes. In addition, H&E staining showed that overexpression of CD105 exacerbated vaginal infection in mice. Together, these findings suggest that the targeting of CD105 by miR1976 plays an important role in vaginal infection in mice. The results of this study may provide new research ideas for E. coli infection in other tissues, such as those of the intestines and bladder.
Colonization of mucosal surfaces is an important initial step in most mucosal bacterial infections. Rapid renewal and exfoliation of mucosal epithelial cells is a mechanism for protecting mucous membranes from bacterial infections and eliminating microbial infections. Integrins are reported to promote effective mucosal colonization and vaginal infections and are potential targets for the prevention or treatment of bacterial infections 22, 54, 55 . CD105 influences the synthesis of several members of the integrin family and regulates integrin-mediated cell adhesion 30 . Rossi et al. 39 found that the interaction between CD105 and integrin α5β1 plays a regulatory role in inflammation. Vaginal infection promotes CD105 expression and integrin activity, and upregulation of CD105 enhances integrin β1 activity in normal human vaginal epithelial cells 22 . Thus, CD105 and integrin may play an important role in vaginal infection. However, the role of CD105/integrin αvβ6 in vaginal infection has not been reported. Our results showed that E. coli-induced vaginal infection promotes CD105 expression and integrin αvβ6 activity. For example, overexpression of miR1976 decreased the expression of integrin αvβ6 in a mouse model of vaginal infection. Furthermore, overexpression of CD105 enhanced the mRNA level of integrin αvβ6 in mouse vaginal tissues. In addition, our results suggested that simultaneous overexpression of miR1976 and CD105 reduced the deterioration of vaginal infection induced by CD105 overexpression. These results indicated that the miR1976/CD105/integrin αvβ6 axis plays an important role in E. coli-induced vaginal infection.
In summary, for the first time, the present study provides important evidence that miR1976 negatively regulates E. coli-related vaginal infection in mice in the in vivo setting. Importantly, we demonstrated that the miR1976/CD105/integrin αvβ6 axis plays a critical role in E. coli-induced vaginal infection in mice and that this pathway may affect the colonization and adhesion of E. coli. These new findings indicate the important role of the miR1976/CD105/integrin αvβ6 axis in E. coli-related vaginal infection and may provide a novel biomarker for the diagnosis and prognosis of vaginitis and offer a potential target for vaginitis therapy.
Materials and Methods
See the Supplemental Material for further details concerning methods.
Mice and the murine model of vaginal infection. The animal study was approved by the ethics committee of Nanjing Medical University, Nanjing, China. Female NIH mice were purchased from the Animal Research Center of Nanjing Medical University. Mice were handled in accordance with the recommendations in the guidelines of the Animal Care and Welfare Committee of Nanjing Medical University.
The mouse model of vaginal infection has previously been described 47, [56] [57] [58] . After vaginal infection, vaginal lavage fluid was collected by flushing the vaginas with phosphate-buffered saline (PBS) and collecting the fluid in sterile tubes. Colony-forming units (CFUs) in 100 μl of vaginal lavage fluid were counted after being cultured in culture dishes at 37 °C for 24 h.
In vivo delivery of adenoviral vectors. In a separate set of animal studies, adenoviral vectors (ADVs) were delivered into mice by injection into the vaginal muscle layer according to the manufacturer's protocol. Mice were randomly divided into groups (n = 12 per group): the control group, E. coli group, E. coli + ADV-miR1976 group and E. coli + ADV-miR1976 + ADV-CD105 group. Following completion of the experiment, mice were sacrificed, and their vaginal tissues were collected for analysis.
Histological analysis.
Vaginal tissue sections were stained with haematoxylin and eosin (H&E) for observation of pathological changes.
Quantitative reverse transcription-polymerase chain reaction. The levels of CD105, integrin αv-β6 and β-actin mRNA in mouse vaginal tissues were determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The primers used were as follows: β-actin-orward, 5′-TCAAGATCATTGCTCCTCCTGAG-3′ and reverse, 5′-ACATCTGCTGGAAGGTGGACA-3′; CD105forward, 5′-AGGTCTCCGAGGGCTGTGTA-3′ and reverse, 5′-GTCTCCGTGCCATTTTGCT-3′; integrin αv-β-forward, 5′-GGTGGAACTGGAAGTGTTAGGG-3′ and reverse, 5′-GGAGCATTTCTTTTGGTGTGG-3′; MiR1976-forward, 5′-GCGGCCCTCCTGCCCTCC-3′
